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ABSTRACT
A new apparatus was built to study the transmission properties of microwaves
through ferromagnetic metals. Experiments were done at room temperature with
samples of Metglas* 2605SC 22 /xm thick and the results were compared with the
theoretical model. The microwaves were generated by a dielectric resonant
oscillator and coupled into an (input) cavity which was tuned to resonate at 16.95
GHz. The specimen was part of the common wall between two identical resonant
cavities, the second cavity being the receiver. The sample-field configuration was
chosen in such a way that the static and the microwave magnetic field were
perpendicular to each other but both were parallel to the sample surface.
To study the field dependence of the transmitted signal, the power ratio
(transmitted power/incident power) was measured. The ferromagnetic resonance
field was observed to be * 2.2 kG. Theoretical expressions for the wave
propagation constants and for the wave amplitudes were obtained. Magnetoelastic
coupling was responsible for the sound wave.
Included is a description of the apparatus, especially the cavities, the sample
holders, and the magnet, as well as the material Metglas* 2605SC.

Metglas* is a registered trade mark of Allied Chemical Corp.
IX

INTRODUCTION
The experimental work presented in this thesis is the examination of the
microwave transmission properties of the metallic glass Metglas* 2605SC [1]
(Fe^B^ jSi^Sj). This material is well known for its high magnetostriction [2], Its
chemical, electrical and mechanical properties are described in chapter III. In the
experiment, electromagnetic power was incident on one of the surfaces of a slab
shaped sample which was part of the common wall between two microwave
cavities. At the opposite surface of the sample the transmitted signal was collected
in a second microwave cavity, detected and analyzed. A static magnetic field in
the plane of the sample allowed the study of the magnetic field dependence of the
transmitted signal. It was also possible to make reflection measurements, although
none were attempted. The experiments were done to test the new apparatus and
to look for novel effects with the expectation to see phonon scattering from the
spin waves.
For a specimen that is only a few skin depths thick, direct transmission of
electromagnetic power can be observed. For thicker samples, very little
electromagnetic power is transmitted through the sample. However, conversion of
the microwaves to phonons and spin waves also occurs at the interface. The small
attenuation of these waves allows propagation to the rear surface where a

Metglas* is a registered trade mark of Allied Chemical Corp.
1
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reconversion process radiates microwave power in the receiver cavity [3,4], Here
the amplitude and field dependence of the transmitted signal is a function of the
orientation of the magnetic field with respect to the microwave magnetic field as
well as material properties and temperature [5]. There are three standard
configurations, as shown in chapter II. The geometry chosen for the experiments
presented in this paper was the parallel-perpendicular (H j,x) configuration, where
the static and microwave magnetic fields are perpendicular to each other, but
parallel to the sample plane.
The theoretical model of the signal transmission in this geometry is presented
in chapter II. Both experimental and theoretical work are compared in chapter IV.

THE THEORETICAL FRAMEWORK
2.1. Features of the different Magnetic Field Configurations

There are three standard configurations for the orientation of the applied and
microwave magnetic fields as shown in Fig. 1. The geometry in which the static
magnetic field is perpendicular to the sample surface and to the microwave
magnetic field is called the perpendicular-perpendicular configuration (Hx x). The
case in which the static and microwave magnetic fields are perpendicular to each
other, but parallel to the sample is called the parallel-perpendicular geometry
(H |(1). Finally the case in which static and microwave magnetic field are parallel
and in the sample plane is called the parallel-parallel configuration (H | , |)The transmission of microwave energy through ferromagnetic metal films can
be described by a three constituent model [6]. These constituents are the elastic
medium, the magnetic continuum and the conduction electron system. The transfer
of microwave power through ferromagnets turns out to be due to sound waves,
spin waves and ordinary and extraordinary electromagnetic waves. The latter two
waves are heavily damped as in a simple ferromagnetic metal.
Depending on the chosen configuration for the magnetic fields, different waves
are involved in the power transmission. For a noncrystalline ferromagnetic sample
the transmission through a slab in the H |j configuration is dominated by the
ordinary electromagnetic wave and an electromagnetically excited longitudinal

3
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sound wave [6,7,8,9]. In this configuration, there is almost no magnetoelastic
coupling. For the H± x geometry, the transmission is dominated by a transverse
sound wave [8,10], a spin wave and by the extraordinary electromagnetic wave.
In the H|

configuration there is no electromagnetically excited sound wave. The

transmission is dominated by the ordinary electromagnetic wave and a transverse
magnetoelastic sound wave [11]. The spin wave makes a negligible contribution
to the transmission.
Therefore, to study the magnetoelastic coupling it is convenient to choose the
H| >± geometry. Using a specimen of a few skindepths thickness, the transmission
is primarily due to transverse magnetoelastic sound.
The sample geometry used for the calculation is such that the slab is infinite
in the y- and z-directions and of thickness d in the x-direction. The static magnetic
field is applied along the z-axis, and the microwave magnetic field along the ydirection. The notation used for the fields is, for example, H = H0 + h e1(kx'wt)
where H is the total magnetic field, H„ is the static magnetic field, and h is the
amplitude of the small oscillating magnetic field. A similar notation applies for the
magnetization and the electric field. Throughout this thesis vector quantities in the
equations are indicated by an arrow above the quantity, while in the body of the
text they appear in bold.
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2.2. The Equations of Motion in the H| x Configuration

2.2.1. Maxwell's Equations

The electromagnetic field must satisfy Maxwell’s equations inside and outside
the ferromagnet. The relevant Maxwell equations for this work are
4n f
c

a

1 d(eE)
c dt

(2 . 1)

and

V x£

ld B
c dt

(2 . 2)

where B = H + 4xM, with M the magnetization, and the Ohm’s Law J = <j E
holds with a scalar conductivity a.
In the H| x configuration, where the x-direction is normal to the plane of the
sample and the incident microwaves are chosen with their magnetic field h along
the y-direction (see Fig. 1) equations (2.1) and (2.2) can be written as

Bhy _ 4 tt
1 a(e*z) ,
aezz + -------- -— z
dx
c
c dt

(2.3)
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-

c dt

y

y + 4nm y ) .
y

(2.4)

The time and space dependence of both the electric and magnetic field is of
the form e1(kx‘wt), so that the equations become,
4 7t A
•/ to v
A
= — aze - i(— ) e e z ,
y
c
y
c

(2.5)

(O
- ikyez = i(— )(h + 4nmVy ,

(2 . 6)

•1 A |

ikzh

which can be rewritten as
' kc N
h. =
v471(0,

1 e
—
4 tt

+

.o^
—
e.
to

1

Arc
47tCO ez =

These are the two coupled equations for the electromagnetic field.

(2.7)

(2 . 8)
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2.2.2. Equation o f Motion fo r the Magnetization

The equation of motion for the magnetization M [12,13] is given by
dM
dt

- y (Af x Heff) + Damping Term

(2.9)

where y = |ge/2mc| is the magnetomechanical ratio, g is the spectroscopic
splitting factor and Heff is the effective magnetic field in the ferromagnet.
In general Heff is composed as [6,9,12],

H,ff

=Ho + Hd + Hon+h1 * h' i + K ,

(2 . 10)

where H0, Hd, Han, hrf, hex and hme are the applied, demagnetizing, anisotropy,
electromagnetic, exchange and magnetoelastic fields, respectively.
The demagnetizing field for the H| x configuration is very small and omitted
here. It is antiparallel to Hc and will be considered later on. The anisotropy energy
term can be dropped as well, assuming perfectly isotropic conditions for the
amorphous material Metglas* 2605SC. The exchange energy term by definition
[14] has the form

Aex =

2A cPm
M l dx2

(2 .ll)
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where A is known as the exchange coupling constant or the exchange stiffness
parameter, while M0 is the saturation magnetization.
The magnetoelastic energy in general [15,16] has the form
U™ =

+ % a 2 + “ / ] ) + fi2K “ ia 2 + “).a 2a 3 + “» a 3a i)
(2.

12)

with the a ’s being the direction cosines of the magnetization with respect to the
x-, y-, z-axis and the u^’s, which do not represent a tensor, are defined as

( ^ui
dx’

fo r i =j

du. du.j
' +
( dxj d x /

fo r i * j

(2.13)

and the Uj’s are the displacements of the lattice along the ith direction.
For the

geometry, where the applied magnetic field is chosen to be in the

z-direction,

and a2 are mx/M0 and my/M0, whereas a 3 becomes Mz/M0 * 1. If

we want the magnetoelastic energy of Eq. (2.12) as Ume = -M0 hme, then the
effective magnetoelastic field is

(2.14)
Mo dx

There have been several forms of the damping term proposed. The three
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most used [9,13] are:
a) The Landau-Lifshitz damping term,
XM x (M x Hgff)

(2.15)

introduced by Landau and Lifshitz [14] in 1935. Here X, with the dimension of
frequency, is an adjustable parameter indicating the degree of damping in the
magnetic system. The damping term represents a torque, exerted on the
magnetization, which tends to align M along H0.
b) The Bloch-Bloembergen damping terms,

(2.16)
T *

T

which were introduced by Bloembergen [17] in 1950 as a modification of Bloch’s
equation for nuclear magnetic resonance. Here T, is the relaxation time for the
component of the magnetization along Heff, and T2 is the transverse relaxation
time, which is a measure of the relaxation of the transverse components of M
toward

In ferromagnets T, is very short and only T2 is needed to describe the

relaxation.
c) The Gilbert damping term,

(2.17)
yM ]\

11

introduced by Gilbert [18] in 1955. X is again called the phenomenological
damping parameter. When low dissipation is considered, the Landau-Lifshitz and
Gilbert damping terms are equivalent.
In this thesis the Gilbert damping term was chosen to describe the relaxation
of the magnetization to its equilibrium position. This form of damping gives the
most reasonable representation of relaxation as H0-» 0 and results in a temperature
independent value for X in simple ferromagnets.
Using the Gilbert damping term for the H |;i configuration the equation of
motion (2.9) has the form
dM
dt

1A &M
- y M x H + ----------M i dx1

B2 duz f
M 0 dx

\

x

dM

(2.18)

YM 20 dt

Taking the cross product and keeping only terms to first order in the small,
time dependent quantities, equations for the two transverse components of M
result. Having the applied magnetic field pointing along the z-axis, and the
oscillating magnetic field along the y-axis, and having hx = - 47rmx, these
equations are
i *»,
Y dt

1 dmy
Y dt

X
H 0my +

dmy

2A &my

Y12M O dt

(Ho + 4 tzM ') mx +

X

dx2

dmx

Y42M„O dt

(2.19)

- M 0hy

2A
Ma dx2

du^
2 dx
(

2 . 20)
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Using the time and space dependence of mx, my and uz of the form
ei(kx-«t) tfoe tw0 equations of motion for the magnetization become:

Xi to +
YX

Hn
nO+ 4nM O
\

Xi a)
yX

( 2 . 21)

m.

Af.

/nX + ikB^u,
£
Z

This is the form of an ellipse for coordinates mx and my.

( 2 . 22)
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2.2.3. Equation o f Motion fo r the Lattice

The equation of motion for the lattice [19] is
&u,
37'
— 1 =
dt2
dxk

ijc = 1,2,3

(2.23)

where p is the density of the material and T* are the components of the total stress
tensor, u,, u2, u3 are the lattice displacements along the x, y, z axis, which
corresponds to xu x2, x3, as used in Eq. (2.13). The total stress tensor [19] can be
written as
r * = r “ + t 'I .

a-24)

T^6' is the stress tensor arising from the elastic deformation of the
lattice [19] and has the form

Kuu&ik

u ik + 8 ik U:L

(2.25)

with K and p the bulk modulus and the shear modulus, respectively. The Uy’s are
defined in Eq. (2.13). Explicitly, T31el is

14

ttf/

Tl\ = H«13

(2.26)

The stress tensor Tikem is given for ferromagnetic materials [8] by
d U me

(2.27)

where Ume is given in Eq. (2.12).
Applying the conditions for the H| fl geometry, where the waves are
propagating along the x-direction and perpendicular to the applied magnetic field
along the z-axis, the oscillating components of the magnetic moment mx and my
are coupled with uz. M0 and H0 do not change, hy = ux = uy = 0, and V*B leads
to hx = - 4-7rmx. The equation of motion then takes the form
cPu
cPu. B~ dmr
p ---- £ = p --- * + - L — ^
dt2
dx2 M0 dx *

(2.28)

Considering the space and time dependence of uz and mx to be ei(kx"“l), as for
the electromagnetic waves, this becomes,
~
-o p

B~
= - \ i k zu +ik---- .
1
z
M *

(2.29)
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2.3. The Secular Equation

The equations of motion derived in the previous chapter are written together
as
wj

A,
2A , 2
10)
----------io) + — it m, + —

A xr

O+ 4

0

iX

id

= n0 ,

J
(2.30)

ICO

-mx + Ha - — — io) + — k2^my " V** = 0

°

YX

M0

(2.31)
kc \ ,
( e
.o)
+ ----- + »— et = 0 ,
47to)y ' ( 4 ti
o),

-------

(2.32)
he .

n

---k +7My = 0 »
4 tto) )
(2.33)

[-o)2p + pfc2]wz -----—ikmx = 0 .

(2.34)
This equation system can be solved in setting the determinant of the matrix of
coefficients equal to zero, providing the following equation:

16
io>

1 ( f f + 4 n M . ----- -— iv>+2Ak2

M

0

yX

B.

- ik- 1

K

i to

------— iu> + 2Ak2
yX

0

J

Wo

ik

0

0

o

0

1

B.

f e + '°]
(4rc a) J

0

kc

o

4no>

kc
471W

_1_
4 ti

0

0

0

w2p + \ik2

0

M

1

(2.35)

The dependent variables for the corresponding matrix are in the order mx, my,
ex, hy and uz. The matrix shows high symmetry, where the off-axis elements are
complex conjugate to the corresponding transposed entries.
The resulting secular equation, quartic in k2, is
A 2c 2\i
4 tc20)2M 2

(k2)4

2A\x
Mn

V+

A c4
S tc2(x>2M^

VW + - ^ — (Y + M ) + ^ ( Y - l ) Z +
2*M 0
Mn

2\3
W (k1)

^ - X
47to)2

2\2

(k2)

(2.36)
£ jP X + \iX Z - 4 tzg)2p (Y+M o) V - ( Y - 1 ) Z W
4n

(o2Pz [ x + 4 7 t(y -i)(y + M o)] = o
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where the parameters V, W, X, Y and Z are substituted for
^

c 2

Xi(ji

16n:2cd2A/o

W

=

X =

°

2A (DO
2 +
---K
Ml

*■

2nM n
0

yX

Af

H0 ~

iu X

t
^471

+

i o 'j

(2.37)

CD y

+ 4 tcM.

(2.38)

yX

CD

(2.39)

4 Tty2M 2q

Y =

1

H -

\io)

(2.40)

y2m ,

z =

(2.41)

The four different pairs for the values of k in the secular equation (2.36)
correspond to an electromagnetic wave ( lO , a sound wave (k ^ and two spin
waves (k,! and k^). Each pair consists of one wave propagating in the positive x
direction and the other in the negative x direction.
Eq. (2.36) cannot be solved in a simple analytical calculation, although a
general solution does exist. It was solved on a computer, using a Fortran program
called TRANS 7, written by Graeme Dewar. A further description of this program
is in section 2.5.
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2.4. The Boundary Value Problem in the H |>± Configuration

The boundary conditions for both surfaces, front and back, are obtained for
the magnetic and electric field by applying the standard procedure of integrating
Eqs. (2.32) and (2.33) around a surface enclosed by a loop traversing the two
different media [20]. Here it is found that the tangential components of e and h
must be continuous across the interface. For the magnetization the spins at the
surfaces are assumed to be unpinned [4,13,21,22], i.e. the normal derivative of the
magnetization is continuous at the surface. Further the surfaces are traction free
[4,21,22]. The boundary conditions are then:
(i) the continuity of the tangential h:
(2.42)

(ii) the continuity of the tangential e:
in

out

(2.43)

ez = ez

where ‘in’ and ‘out’ refer to fields inside and outside the material.
Also:
(iii) boundary conditions for the magnetization:

3m,
dx

dmy
= 0,

dx

= 0 ,
x=o

(2.44)
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d” .
dx

dmy
dx

x -d

x=d

(2.45)

= 0 ,

(iv) traction free surfaces:

duz B2
±+
my
dx A* x

—

= 0,

—

( d“z B2
|jl---- +— m,
dx

= 0 .

(2.46)

x=d

X-0

For the H| ± geometry there is an incident electromagnetic wave, with
propagation constant k„, which generates a reflected wave (k^) at the front surface
as well as a transverse sound wave (ksd), a heavily damped electromagnetic wave
(kdn) and two elliptically polarized spin waves (k^ and ks2). The latter four waves
penetrate into the material. The sound wave, generated at the front surface of the
sample, has some spin and electromagnetic wave character due to the
magnetoelastic coupling. At the rear surface the four waves are reflected back into
the material and a transmitted electromagnetic wave with wave vector k,
propagates into the receiver cavity. The convention used here is that waves
propagating in the positive x direction are marked with the superscript (+ ) and the
ones in the negative x direction are denoted by (-).
Applying the general boundary conditions stated above, the following equations
must be satisfied at the front surface:

K +V

=

K m + K m + h ld + K d + K l + K l + h s 2 + K l

e o + e ref,

=

K m + K m + K d + e sd + e s l + e s l + e s 2 + e s 2 >

>

(2.47)

(2.48)
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0

=

'K l K s l - K l K s l + K m K e n t ~ K m K e n t +

~

(2.49)

+ iks2mU ~ ^ S2mx,s2

0

=

i k s2m+y,s2

-

+

>

i k emm y,em ~

+

^

"

K cP yM

(2.50)
+

0

=

~

i k s im y,sl

»

M- [ i k j * * ~ i k s ^ s d + i k emUlm ~ i k emUem +

+J f [ m ^

7"

+ K 2K 2 ~ i k s2U ~s2^

+ K s d + K e n t + K e n t + K , s l + m x,sl + m x,s2 + ™x,s2

(2.51)
In this notation the subscripts ‘em’, ‘sd’, ‘s i ’ and ‘s2’ indicate which wave the
subscripted quantity is associated with: the ordinary electromagnetic wave, the
sound wave, or one of the two spin waves, respectively. The subscripts ‘o’ and
‘re f refer to incident and reflected wave, respectively.
For the rear surface the boundary conditions are

, + +ik„d , - -ikd ,
hae ■ + hae a = h( ,

(2.52)

a

+

a

ene
oc

+ik,d
a

-

, ^
^
+
e„e
a

-ik.d
a

=

>

(2.53)
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E

where a G {em, sd, si, s2} and d is the thickness of the specimen. Here the same
notation is used as for the boundary conditions for the front surface. The subscript
’t’ represents the transmitted wave.
For convenience the boundary conditions are written in terms of generalized
impedances Z/k). In this case, the fields of each wave inside the material are
expressed in terms of their associated magnetic field. The generalized impedances
are defined [6] as
/ = Zf (k) h

(2.57)

where f G {ez, mx, my, u j which corresponds to the fields due to each wave.
Specifically for the H |>± configuration, the generalized impedances are
obtained from the equations of motion as given below.

22

From Eq. (2.32), ez has the form
kc

e = -

4 7tO )

e
—
4n

(2.58)

.a
+ i—
to

For good conductors, where (e/47r < o/ gj) applies, the above equation
simplifies to
ick ,
«; = ^---- \ •
4 71a y

(2.59)

Then solving Eq. (2.33) for m and including the result for ez, it gives

My

i k2e- 2
1
1+
47100); y
4 tt

(2.60)

The term for mx is obtained by plugging the result for my in Eq. (2.31)

=

iy
4 tto)

4t

o

/
.
ik2c 2
i o) X ^ 24 ^2
+ 1 + -------- H O v
4 tcoo) J V
y2m o
J

V
(2.61)

Finally the expression for uz determined from Eq. (2.34) is

kB2y

L
ik2c 2
4 ttA/0 + 1 + --------k 4)100),
(<o2p - \ik2)M o

o
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Hence the generalized impedances are
Ze(k)

ick
4 tco

(2.63)
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The generalized impedances are functions of k, where k can be either kem+,
kem, ksd+, kjd, ksl+, k,,', ks2+, or ks2\ which are the eight solutions of the secular
equation of the previous section. Using this notation Ze (k ^ , for example,
corresponds to the generalized impedance of the electric field ez which is
associated with the sound wave.
The impedances for the reflected waves (k+ = - k) are related to the wave
propagation in positive direction as follows:

24

z -(-k )

= -z;

(k ),

z u (-k )

=

-

z;

(k )

,
(2.67)

This can be seen form the parities of the Zf(k)’s, which are in agreement with the
reflection properties. Electromagnetic and sound waves invert their electric field
and displacement, respectively. The elliptically polarized spin wave impedances
do not change under reflection.
Using the notation of the generalized impedances, the resulting boundary
conditions are (for the front surface):

a

K - hrtf = Y , W ( K - K ) .
a

( 2 . 68)

(2.69)

(2.70)

a

(2.71)
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with a G {em, sd, si, s2}.
For the rear surface we have:
+ik„d
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- K e - * ' d) = 0 ,

(2.76)
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with a G {em, sd, si, s2} and d the specimen’s thickness.
These equations were solved numerically for (ht/h0) and (href/h0).
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2.5. Numerical Solutions

The propagation constants and the real and imaginary parts of the transmitted
and reflected waves were determined by a Fortran program written by Graeme
Dewar. The program TRANS 7 runs on a VAX 8530 computer [23]. It provided
the matrix for the coefficients of the equations of motion and solved for the
propagation constants k by diagonalizing the matrix. The impedances were then
calculated from this matrix following the same procedure used in the previous
section. Next the program provided the equations for the boundary value problem
and solved for the real and imaginary parts of the transmitted and reflected waves,
from which the amplitude and phase of the fields could be calculated. This
procedure was repeated successively for values of the applied magnetic field,
sweeping from the starting field of 0 kG to the end field of 10 kG with a step size
of 25 G. The results are shown in chapter IV.
The program was originally written for microwave transmission experiments
through cubic crystal structures. However, it is capable of dealing with the higher
symmetry amorphous structure. The magnetoelastic coupling constants, B, and B2
of the program, were set equal and the Lame coefficients, X and n, had to be
converted to the elastic constants Cy, which are used to describe the lattice
vibrations of crystals. These quantities are related [19,24,25] by

Cu =A.+2|i,

C12 = X , and Cu = \i .

(2.78a-c)

THE EXPERIMENTAL FRAMEWORK
The experimental setup and procedure for taking data are described in this
chapter. The properties of the new transmission apparatus, with special attention
to the cavity unit are presented. The properties of Metglas* 2605SC are also listed.

3.1. The Chemical Composition of Metglas* 2605SC and its Physical Properties

Metglas* 2605SC is one of a family of metallic glasses. The chemical
composition of Metglas* 2605SC is (in percent weight): Fe, 81.0% ; B, 13.5% ;
Si, 3.5% ; S, 2.0%. It is an amorphous material made from a melt by ultrafast
cooling. The density is given in the literature [2] to be 7.2 g/cm3, the electrical
resistivity at room temperature [26], which varies with different samples, is
1 4 3 + 7 ^iO-cm. The material is well known for its high magnetostriction [27]
(X = 3 x l 0 5). Nickel’s magnetostriction is comparable, but the resulting
magnetoelastic coupling is an order of magnitude smaller [10,22].

3.1.1. Sample Properties, Thickness

The Metglas* 2605SC specimen were cut from the interior of a nearly
2 inch wide band. The material is very flexible, but will shatter when excess force
27
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is applied to it. Both front and rear surfaces have a distinct visible line pattern
perpendicular to the roll direction. The pattern on the reflective front surface is
more prominent than the less shiny back surface.
I measured the thickness of the Metglas samples in two different ways. First,
by simply using a micrometer, I found the thickness to be 27.9 ± 2.5 pm. For the
second method, I measured the weight and the surface area of the sample and
calculated the thickness via the density formula, using the literature value [2]
p = 7.2 g/cm3 and assuming a probable variation of ± 0.1 g/cm3. The average
of three independent measurements resulted in a value for the thickness of 21.5 ±
0.7 pm.
The difference in the result of the two methods is explained by the fact that in
the micrometer measurement only the thickest points of the specimen are
measured, whereas the method using the density gives a value for the average
thickness. This, in fact, would lead to the conclusion that the specimens’ thickness
varies from about 15 to 28 pm. However, the results from the measurements with
the micrometer are not very reliable, so that the thickness of the samples for the
experiments was taken as 21.5 ± 2.5 pm.

3.1.2. The Resistivity o f Metglas* 2605SC

The resistivity usually shows some variation between different samples.
Therefore the literature value could not be taken as representative and the
resistivity had to be obtained for the particular specimens used in this experiment.
I measured the resistivity of a sample of Metglas* 2605SC using the four point
contact method. A strip of 18 mm width was cut from the Metglas foil and each
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end of the strip was squeezed between a glass plate and two brass bars. This made
a wide, homogeneous contact for the current, measured by a Keithley [28] 197
Autoranging Microvolt DMM. The voltage was measured by a Hewlett-Packard
[29] 34608 Digital Voltmeter connected to two sharp contact needles which were
pressed onto the sample. A reversing switch for the current eliminated any possible
error that might occur due to thermal electromotive forces.
Averaging eight different measurements, a voltage of 106.988 ± 0.006 mV
was observed between the two contact needles, positioned 43.3 ± 1 mm apart.
The current was determined to be 15.32 ± 0.05 mA. Using Ohm’s Law and
R =p A

(3.1)

and assuming the sample’s thickness as 21.5 ± 2.5 ^im, the resistivity at room
temperature (T * 296 K) for one sample was found to be 150.5 + 15 juO-cm.

3.1.3. Intrinsic Parameters

The Lame coefficients X, /x and the bulk modulus K were calculated from
literature values for Poisson’s ratio [30] (v = 0.28) and Young’s modulus at
infinite field [2] (E = 1.9 X 10u J/m3), using [19,24,25]

A =

E\
(1 +v)(l - 2 v )

(3.2)
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E

(3.3)

(3.4)

They were determined to be X = 0.945 xlO 12 erg/cm3, ^ = 0.742 x lO 12 erg/cm3
and K = 1.439 x 1012 erg/cm3, respectively.
The magnetoelastic coupling constants B, and B2 were derived to be 6.68 X
107 erg/cm3, using [31]
(3.5)

where equality is true only for isotropic conditions. Here X is the magnetostriction
constant, which is given in the literature [27] as X = 3 XlO'5.
Circular samples used in the transmission experiment were cut to a diameter
of 2.45 cm. The demagnetization factor was calculated to be Dx = 4.388TO'4 from
[32]
(3.6)

with d the diameter of the sample, and using the measured average thickness t of
21.5 ± 2.5 /im. Then, because Dx = Dy and Dx + Dy + Dz = 1 , Dz was
computed to be 0.99912.
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3.2. Description of the Apparatus

3.2.1. The System in General

For a more general review of microwave systems and devices see Ref. [3336]. The microwave apparatus used in this experiment can be divided in five
different sections - the microwave generator, the calibration line, the signal line
with the cavities, the reference line and the recording system. See the block
diagram Fig. 2.
The microwaves were generated by a MITEQ [37]

DRO-J-17000-SP

Dielectric Resonant Oscillator which delivered approximately 100 mW of
microwave power at a fixed frequency of 16.95 GHz. The power supply for this
DRO, built by Chris Reese, was also used as a common power supply for the
MITEQ Amplifier in the recording system. This power supply was isolated from
all other elements. A 24 dB isolator was placed in front of the DRO to protect the
microwave source against reflected microwave power.
The microwaves were then fed into a critically coupled transmitter cavity and
the transmitted signal was chopped by an ARRA [38] 62-115-LD chopper at
2.304 MHz and was fed via a MITEQ AMF-65-1218-30 amplifier into a M
1218M mixer where it was mixed with the signal from the reference line. The
mixed signal was amplified as it passed through the IF-pre-amplifier (intermediate
frequency pre-amplifier), operating at 2.3 MHz, and the IF-amplifier before it
reached the PAR [39] phase sensitive detector [40]. The two CP 6282-OT 35 dB
isolators between the mixer and the amplifier, as well as the two isolators on either
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Isolator Chopper Isolator

Fig. 2

Block diagram o f the apparatus.
The details o f operation are given in the text.

side of the chopper, buffered the amplifier and the chopper.
The reference signal (local oscillator) for the balanced mixer was tapped
directly from the DRO output by a 10 dB directional coupler. Its phase could be
altered through 360° by a Hewlett-Packard [29] P 885A precision phase shifter
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that was buffered by a 22 dB UTE [41] isolator CT-6437-OT. The output of the
mixer is proportional to
+

» El + 2

(3-7)

where 6 is the phase angle between the signal and the local oscillator microwave
fields. It is Esig which is modulated at the 2.3 MHz IF. The phase shifter allowed
alteration of 6.
The calibration line consisted of four elements: a phase shifter, a Hewlett
Packard [29] P 382A variable attenuator (0 to 70 dB), a chopper, (identical to the
one used in the transmission line) and a 30 dB fixed attenuator.
The two switches in the signal line were used to tune the receiver cavity. The
reflected signals from either the transmitter cavity or the receiver cavity were
tapped by a 20 dB directional coupler into a microwave diode which was
connected to an oscilloscope. A variable attenuator between the two switches
provided additional isolation between the transmitter and receiver portions of the
apparatus when the switches were in the normal position.
All power supplies and connecting wires had to be shielded to suppress pick-up
in the system.
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3.2.2. The Magnet

The magnetic field was generated by a water cooled Varian [42] V-HF 3401
electromagnet, having a VFR 2601 Mk II Fieldial power supply. The field was
controlled by a Hall probe which was attached to one side of the magnet pole by
double sided tape.
In order to calibrate the magnet, I used a Rawson Lush gaussmeter. This
gaussmeter is very reliable in its degree of linearity in measuring the magnetic
field. I used an NMR measurement, which has a high accuracy, in the
determination of the absolute magnetic field.
The output of the Fieldial instrument is proportional to the voltage across a
mechanically driven potentiometer which was used to sweep the magnetic field.
This voltage was converted into units of gauss using a parabolic interpolation curve
adjustment to match the linear Rawson Lush values and calibrated by evaluating
three magnetic field points at the NMR frequencies 7.4977 MHz, 10.0219 MHz
and 11.2536 MHz. These correspond to the magnetic field values 1.7610 kG,
2.3539 kG and 2.6432 kG, respectively, using the conversion formula
B = — = **£
Y
Y

(3.8)

where yllir = 4.2576375(13) MHz/T is given in the literature [43]. T represents
the magnetic field unit tesla.
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M agnet C alibration
R a w so n L u sh vs NMR

M agnetic Field (NMR) in kG
Fig. 3

Relation between magnetic field found from NMR and
Rawson Lush measurements

The Rawson Lush instrument also had a calibration magnet which, because of
the magnet’s age, was not considered reliable. Comparing this calibration magnet
to the values derived from the NMR measurement, and assuming the Rawson Lush
instrument to be perfectly linear, the calibration magnet was about 30 G weaker
than the stated 3030 G.
The calibration measurements were done for a 10 kG sweep range centered at
5 kG and for a 5 kG sweep centered at 2.5 kG. See Fig. 4. A curve fitting

36

Magnet C alibration

Voltage ( c e n t e r 5 kG, sweep 10 kG) in V
Fig. 4

Magnet Calibration

calculation resulted in a quadratic equation of the form
B = 0.0469018 + 1.3515308 V - 0.0011138 k2

<3-9)

were B stands for the actual magnetic field and V for the voltage output of the
Fieldial instrument.
The internal consistency of the calibration implies that the magnetic field
measurements are accurate to ± 7 Gauss over the range 0 to 10 kG.
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3.3. The Microwave Cavities

The microwave cavities had the function of gathering microwave power in the
resonant frequency mode. In the critically coupled transmitter cavity the
microwaves were incident on the specimen through an aperture cut in the sample
holder plates (see Figs. 5 and 6). The small amount of energy which was
transmitted through the sample was collected in the receiver cavity through an
identical aperture and passed to the detector.
Design, dimensions and features of operation are presented in this chapter.

3.3.1. Design and Cavity Geometry

I designed a pair of identical receiver and transmitter cavities, which operated
in the TE102 mode, so that the microwave magnetic field was parallel to the sample
surface and perpendicular to the static field as necessary for the H| ±
configuration. The cavities were tuned to resonate at 16.95 GHz.
The two cavities were orientated with their long sides parallel to each other.
The sample was sandwiched between the two sample holder plates and placed
between the cavities as part of the common wall. This unit was connected to the
waveguides and centered between the two magnet poles. A piece of foam rubber
was wedged between the unit and the magnet poles to prevent displacement of the
unit due to the force of the magnetic field acting on the steel screws used to
connect the waveguide to the cavities.
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Fig. 5

Arrangement o f the cavities and the sample holder plates

The cavities are shown in a detail in Fig. 5. The specimen was positioned
between the two sample holder plates which have grooves on both sides for
placement of the indium sealing rings. The purpose of the indium rings is to form
an electric seal which eliminates microwave leakage around the sample. Four
corner screws are used to fasten both sample holder plates to simplify the
mounting of the cavities. These four screws have no other use and can be removed
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after mounting the sample holder. The cavities can be tuned by teflon screws
positioned in the threaded holes in the narrow side of each cavity. Six screws
placed in the holes surrounding the cavities hold the system together and provide
the pressure to flatten the indium sealing rings.
A coupling hole on the outer sides of the sandwiched unit couples microwaves
between the appropriate waveguides and the cavities. This is not shown in the
figure.

3.3.2. Cavity Construction

The cavities I designed for this experiment were of a ‘racetrack’ shape. For
this reason I had to make an approximation in the calculation of the dimensions by
interpolating between rectangular and circular resonant cavities.
The general formula for the calculation of the resonant frequencies for a
circular cylindrical cavity [20] is

(3.10)

v Imn

with xlm the zeros of the Bessel functions, r the radius of the circular cavity and
L its length, n, s and c, represent the permeability, the dielectric constant and
speed of light, respectively. The one for a rectangular cavity [20] is
/ i\2
Imn

2\[\xe ^

a;

‘m*
\ uJ

\2

A*

(3.11)
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with a, b and c the length, width and depth of the cavity, respectively.
For the cavities to have a 16.95 GHz resonant frequency in the TE102 mode,
and using a = 11/16" and b = 5/16", I calculated c to be 0.90".
Both cavities were machined from a solid brass block with outside dimensions
of 2l/i" X 1.625" x 0.90". Six No. 21 holes were drilled along an oval line
surrounding the cavities and threaded in the receiver cavity block. This design
allowed the brass screws (No 10-32) to exert a strong, uniform force on the
sandwiched cavity blocks.
Each cavity had a tuning hole on the centerline of the short side and at 14 of
the depth from the front surface, i.e. at a maximum of the electric field in the
TE102 mode. The front side is defined as the one closer to the tuning hole. These
holes were 15/64" in diameter and were threaded (No. 32) along the inner Vi".
The remainder of the tuning hole was unthreaded and had a length of 0.40". The
unthreaded section had a diameter of 11/32" (see Fig. 5) in which a brass pipe of
14" inside diameter was soldered. A 14" teflon rod, 6" in length, was inserted
through the brass pipe, screwed through the threaded part of the tuning hole, and
entered the cavity. Changing the depth of insertion of the teflon rod changes the
resonant frequency of the cavity. For a 200 dB attenuation of leakage around the
tuners, the required length of each brass pipe surrounding the teflon rod was 4".
The power transmitted out the pipe [44] was determined from

with \ = (3.412 a) as the cutoff wavelength, a is the diameter and L the length
of the pipe, and e is the dielectric constant.
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Cavity block

Fig. 6 Mounting arrangement o f the cavity unit

The sample holder plates had dimensions of 3 Vi" X 1.625" x 0.125", with
six cavity mounting holes. The four corner holes have 10-32 holes which allowed
the two sample holder plates with the specimen to be mounted between the cavities
as a unit. The center hole (aperture) had a diameter of 0.15". Circular grooves of
diameter 0.6" and 0.8" on the sample side and the cavity block side, respectively,
were centered to the aperture (see Fig. 5 and 6). The grooves, made to hold the
indium sealing rings, were 0.02" deep and 0.03" wide.
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3.3.3. Cavity Tuning

The lengths of the cavities had to be optimized with respect to the tuning
range. Therefore the lengths of the cavity blocks were shortened independently in
steps of 0.010", or small integral multiples of these. The final length c for the
transmitter and receiver cavities were 0.73" and 0.72", respectively.
As an aid in finding the right length, the cavity could be "shortened" by tuning
with a steel screw, or "extended" with a teflon or nylon rod. This is in accordance
to the physical fact that air has a dielectric constant of approximately one, whereas
teflon and nylon have 2.1 and 3.2, respectively, and increase the volume of the
cavity. The steel decreases the volume of the cavity.
Fig. 7 shows the tuning behavior for the transmitter cavity. The resonant
frequency could be altered by a steel screw or a teflon rod. The hole in the sample
holder plates, necessary to expose the sample to microwaves, effectively added to
the volume of the cavities. The figure shows that the effective length of each
sample holder plate is about 2.0 mm.
The change in resonant frequency was calculated to be * 13.8 MHz per
1/1000" ( « 25 /xm) cavity length, which is equivalent to about 200 MHz per turn
of the teflon tuning screw. This was found from the fact that one turn of the rod
pushes the teflon 1/32 " ( » 0.794 mm) into the cavity and this, according to
Fig. 7, is equivalent to a variation of the cavity length by approximately 0.015 ".
Since a variation in cavity length of 0.001 " corresponds to a change in the
resonant frequency of 13.8 MHz, then the tuning rod produces a variation of about
200 MHz per turn.
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Cavity L e n g th (c m )

Fig. 7 Tuning o f the transmitter canty

3.3.4. The Coupling Hole and Q-Factor

The size of the coupling hole through which microwaves enter the cavity from
the attached waveguide must be adapted to match the condition for critical
coupling. At critical coupling all the electromagnetic energy incident on the cavity
is absorbed and nothing is reflected.
I made the coupling holes for both cavities from a small copper plate by
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drilling a No. 27 hole in its center and adjusting it to the required form and size
by filing the hole into an elliptical shape. The coupling hole plates were squeezed
between the waveguide flanges and the cavities. In operation the transmitter cavity
is * 80% coupled and the receiver cavity is more than 98% coupled.
The cavity quality factors, Q, were determined from the frequency shifts
required to detune the critically coupled cavities so that half the incident power
was reflected. The unloaded Q-factor of the transmitter and receiver cavities were
computed to be « 1230 from [3]
(3.13)

and
(3.14)

where the full width at half maxima, Af, of the frequency resonance curve was
measured to be 27.6 ± 3 MHz. QL and QUL are the loaded and unloaded Q’s,
respectively. The nonlinearity of the diode detector was taken into account for the
measurement.
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3.4. Data Acquisition

3.4.1. Recording System and Procedure

The output of the phase sensitive detector was applied to the y-axis of a x-y
chart recorder and the x-axis was driven by the output voltage of the Fieldial
magnet controller.
The magnetic field was swept from zero to 10 kG in 25 minutes. Simultaneous
to the recording on the x-y chart, the corresponding voltages for the amplified
transmission signal and the magnetic field were displayed on digital instruments
and the values recorded by hand in 0.05 V steps of the Fieldial output. These data
were fed into the computer for further reduction and analysis.
These data sets I have taken are the first measurements obtained from this new
apparatus. There was no prior established recording procedure for these
experiments.
Before recording each data set the cavities had to be retuned, and afterwards
the temperature was measured. I have taken data at different phase angles $ of the
phase shifter in the reference line. One data set was taken for phase angles from
0° to 180° with an increment of 15°. Other data sets were usually taken for three
different phase angles 45° and 90° apart. In addition to these data sets I also
recorded the transmission signal at zero magnetic field while sweeping the phase
through 360°. The zero field signal was also compared in the cases for tuned and
untuned cavities. The latter two additional measurements were performed to obtain
information about any possible leakage.
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3.4.2 Signal Calibration

For the calibration of the transmitted signal it is necessary to discuss the
waveguide impedances and the cavity factors. In general, the fields in the
waveguides and the cavities are different. As shown in Fig. 8 and described in the
previous section, the cavities are linked to the waveguides in a configuration where
the specimen is mounted on a diaphragm transverse to the waveguide axis; this is
known as end-wall excitation [45]. The e and h field amplitudes in the cavity and
waveguide section are labeled as follows (see Fig. 8). In the transmitter
waveguide, the fields coming from the DRO are indicated with a subscript ‘i \ For
the transmitter and receiver cavities, the fields are marked with the subscript ‘c,o’
and ‘t’, respectively. The fields in the receiver waveguide are indicated by the
subscript ‘r’.
To account for the effect of the cavities the impedance of free space used in
the calculation must be replaced with the impedance of the cavities. Following the
reasoning of Cochran [45], the end-wall fields satisfy the following equation
(K )

w

2

f 6 Z1 ]

2

( K )2
L
( y o) \ c>o)

(3.15)

where 0 is defined as
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%
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(3.16)

Fig. 8 Fields in the Cavity and Waveguide Section

Here hc0 is the incident field in the cavity and is related to the incident field used
in the calculation (hco = hQ+ hr « 2h0). Z0 = l^/kg is the cavity impedance. Q
is the quality factor of the transmitter and receiver cavity; this value is assumed
to be the same for both. Acavity represents the area of the cavity and Asampie the
small area of the sample which is exposed to the microwaves.
The power ratio, for the cavities PRcav, is defined as the microwave power
entering the receiver waveguide to the input power of the transmitter cavity.
Taking the power proportional to h2 , Eq. (3.15) leads to
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where (ht/hc)2 is defined as the free space power ratio Pfree which is derived as the
solution of the boundary value problem in chapter II.
The cavity power ratio was determined from the assumption of a rectangular
cavity shape with b = 5/16 ", the resonating length c = 2.13 cm « 0.84 " (see
Fig. 7) and the resulting effective width a = 0.626 ". This leads to a cavity area
of Acavjty = a X b = 0.1956 in2 and the cutoff wavelength \ c = 3.18 cm, from
which the inverse impedance is

1

1

/
0.69 .

(3.18)

V

Asample = 0.0177 in2 is the exposed specimen area provided by the circular aperture
of diameter 0.15 ". Q was found in the previous section to be 1230.
The resulting cavity power ratio was determined to be PRcav * 150 PRfree,
corresponding to a power ratio improvement of 21.7 dB provided by the cavity
system.
For the calibration of the signal it was also necessary to evaluate the difference
in attenuation of the signal and calibration line. The expected power ratio of the
spectrometer in the experiments, PRsys calc was determined by PRsys calc =
Psignai/Pcaiibration- The attenuation in the calibration line was determined by Graeme
Dewar to be -105.1 ± 0.6 dB. In the signal line, the attenuation of the two
isolators was found by Graeme Dewar to be - 1.4 + 0.05 dB and - 3.0 ± 0.5
dB, as well as the 2.335 ± 0.02 dB for the chopper. The additional 140 " of
waveguide length in the signal line contributes an attenuation [46] of 0.70 ± 0.10
dB. Including the 21.7 dB gain of the cavity unit, the overall power ratio turns
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out to be

10 l

o

g

= 1217 * 0 8 dB + 10 lo«f V

•

<3-19)

The free space power ratio is determined theoretically by the computer as
described in chapter II.
The measured power ratio was

PR_
sys, measure

v' signal
2

(3.20)

V2
' calibration

where Vsignal and Vcalibration are the receiver and output voltages, respectively.
Both measured and calculated power ratio are evaluated and compared in
chapter IV.

3.4.3. Data Processing

The data sets were recorded on an x-y chart recorder and onto a data sheet by
reading the values from the digital instruments. These values were fed into the
computer and stored on disk.
The values for the actual magnetic field were obtained from the Fieldial
voltage output by using the quadratic formula as determined by the magnet
calibration in Eq. (3.8). Using a sinusoidal curve fitting procedure from the
MINSQ software program, by MicroMath® Scientific Software [47], the data
values for the signal were separated into amplitude and phase parts. These were
finally plotted and analyzed using the AXUM™ [48] graphics software.

RESULTS
In this chapter the theoretical and experimental results for the transmission
experiments in the parallel-perpendicular configuration are presented, compared
and analyzed. The Metglas* 2605SC specimens used for the experiments were
discs 2.45 cm in diameter and of 21.5 pm thickness. This is about 4 l/i times
thicker than the skindepth for microwaves of 16.95 GHz. All experiments were
done at room temperature in a range of 20.3 to 21.5 °C. The amplitude of the
transmitted signal was expected to form a peak at ferromagnetic resonance (FMR),
mainly due to magnetoelastically generated sound traversing the sample. The
amount of directly transmitted microwave power is dependent on the sample’s
thickness and, as the experiments have shown, negligible.
The magnetic field dependence of the power ratio of the transmitted to incident
microwave power was calculated by a VAX 8530 computer using Graeme Dewar’s
Fortran program. The procedure was explained in chapter II. The parameters used
for the calculations are given in Table 1 on the following page. The calculations
were done for a range of the magnetic field from zero to 5 kG and a plot of the
transmission amplitudes vs magnetic field is shown in Fig. 9. The maximum of the
peak occurs at a magnetic field of about 1900 G and corresponds to an attenuation
to the incident amplitude of 64.5 dB for free space boundary conditions. Therefore
the free space power ratio PRfree, as introduced in chapter III, is -129.0 dB. The
calculated power ratio PRsys, caic> according to Eq. (3.19) becomes - 7.3 dB.

50

51

Table 1 Parameters used in the calculation fo r the transmission through
Metglas12605SC at 296 K

Frequency

16.95 GHz

Thickness

21.5 fxm

Density [2]

7.2 g/cm3

4 ttM [49]

16 kG

Permitivity e

1

g-factor [49]

2.08

Resistivity

150.5 /xfl-cm

Demagnetization factor

0.001

Shear modulus n [2,6,24,25,31]

7.348 X1011 erg/cm3

B, [2,27,28]

-6.7000x 107 erg/cm3

B2 [2,27,28]

-6.6798 X107 erg/cm3

Exchange constant A [49]

6.9 x 10'7 erg/cm3

Gilbert damping parameter X [49]

6.028 xlO 8 s'1
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Calculated Transmission Amplitude

Magnetic Field (kG)

Fig 9

Theoretical transmission amplitude (normalized) vs magnetic field

The plot in Fig. 9 is normalized to the maximum transmission amplitude for
further comparisons with the experimental results. The full width at half maximum
of the transmission peak is * 400 G.
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A slab shaped disc of Metglas* 2605SC was used as the specimen in the
experiments. The average thickness was 21.5 nm, but the material had a distinct
line pattern in one direction. For this reason, the line pattern of the circular sample
was oriented along the static magnetic field to avoid nonuniformity of the
magnetization near the sample’s surface.
The transmitted signal was measured for different phase angles of the local
oscillator as a function of the magnetic field which was swept from zero to 10 kG
in a 25 minute run. The voltage output of the phase sensitive detector, which was
proportional to the transmitted signal, was recorded on a x-y chart recorder and
in digital form onto a data sheet. The hysteresis effect, which is well known for
ferromagnets, could be observed. The magnetic field was always swept in an
increasing mode. The raw data for the transmitted signal for one set of
measurements is shown in Fig. 10. These data were combined into one plot for the
transmitted amplitude as a function of the magnetic field, as described in chapter
III. Transmission plots for the amplitudes are shown in Fig. 11 for two sample
transmission data sets. Both line shapes, as well as other transmission plots which
are not shown in this thesis, have a similar form but they are obviously quite
different than the theoretically expected curve. The experimental transmission
amplitudes seem to have an overall offset at least as large as the peak near 2.0 kG.
A check on the system determined the leakage to be negligible. This was
indicated by various facts: there was almost no change in the transmitted signal
well above FMR; the ‘offset’ signal was always of the same order as the signal,
which is unusual for leakage; the cavity mounting screws were tightened further
to clamp the cavities tighter. The indium formed an excellent seal (the cavities
were later disassembled and checked), but did not suppress the ‘offset’. At zero
magnetic field, the maximum transmission signal dropped by a factor of 20 or
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T r a n s m i s s i o n Signal

Fig. 10 Raw transmission data fo r reference phases 0 = 0°, 15°,
30°, 45°, 60°, 75°, 90°, 105°,120°, 135°, 150°, 165° and 180°.

more. Therefore the offset also dropped at H0 * 0. However, the phase of the
transmitted signal did not change monotonously as expected by the theory, but
exhibited the characteristics of leakage, as can be seen in Fig. 12.
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T r a n s m i s s i o n Amplitudes

Magnetic Field (kG)

Fig. 11

Transmission amplitudes fo r two independent data sets.
Curve (a) is determined from data in Fig. 10. Curve (b) is from a
later measurement.

For this reason, the ‘offset’ effect was tentatively associated with the generation
of surface sound waves at the front surface which were not taken into account by
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T r a n s m is s io n Signal P h a s e s

Magnetic Field (kG)

Fig. 12 Phases o f two independent transmission signals

the theory. It was assumed that these Raleigh waves propagate along the surface
and under the indium sealing rings, around the edge of the sample and then they
return along the rear surface of the sample, passing under the second indium
sealing ring. At this point a reconversion adds microwave power to the transmitted
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signal.
Several experiments were done in an attempt to avoid this surface wave effect.
In these trials a larger sample of about 2" X 1.5" was used. The sample was
squeezed between the sample holder plates either with or without the indium Orings that formed the sample holder-specimen contact. The experiment without the
indium O-rings failed because the microwave leakage was large. In the experiment
with the indium O-rings and the larger sample there was no significant difference
from the experiments with the smaller circular samples. To improve the contact
between the circular sample and the sealing rings, both sides of the sample at the
area of contact were polished using an extra fine sandpaper. No change due to the
polished surfaces was observed in the transmission signal.
Ultimately the surface wave effect was eliminated by means of a mathematical
addition of two leakage signals nearly 180° out of phase. The two recorded
transmission signals used for this elimination are shown in Fig. 11 and Fig. 12.
The second transmission, (b) in Fig. 11, was scaled by a factor to equal magnitude
of (a) at » 4.5 kG and rotated in the complex vector space to bring their phase
angles in phase, then subtracted, i.e.
A

« s e i9 ' ”

= Axe

i (02 - A 0 )
i 9 ‘

-

f

(4.1)

The Ares, A,, A2, 9 rcs, 0 ,, 0 2 are the amplitudes and phases of the resultant, first
and second transmission signal, respectively, f and A0 are adjustable parameters.
Both transmission signals used for this calculation were recorded from the same
sample. The data sets were taken two weeks apart. An additional tightening of the
cavity screws resulted in a higher absorption of the surface waves at the indium
seals and a change in the phase of the signal for the second measurement. The
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T ran sm issio n Amplitude

Tran sm ission Am plitude

Extrapolated

Magnetic Field (kG)

Fig. 13 Normalized transmission amplitudes vs magnetic field obtained from
experimental data as explained in the text.

transformation calculation was based on the assumption that during the tightening
process only the Raleigh waves changed their behavior and the microwave
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transmission through the sample remained same. The factor f and the phase
difference A0 were determined after several iterations from the amplitude and
phase plots to be 1.83 and 133°, respectively. This manipulation resulted in a
magnetic field dependent transmission amplitude where the majority of the surface
wave effect had been suppressed. This is shown in Fig. 13. The transmission
amplitude has a prominent peak, centered at the magnetic field of about 2200 G.
This implies a shift of about 300 G from the theoretical value, which located the
peak at about 1.9 kG.
Conspicuous is the large width of the experimental transmission peak with a
half width of about 1 kG, which is probably due to inhomogeneities of the sample
properties and the surface. There is a distinct increase of the transmission
amplitude at higher magnetic fields (B > 5 kG). This is due to the electromagnetic
wave, predicted by the theory, but which could not be confirmed in the
experiments, because it could not be distinguished from the signal due to the
Rayleigh waves.
The maximum of the amplitude at the peak is determined to be 1.46 V. The
maximum for the calibration line was measured as 5.41 V, from which the
measured power ratio follows to be Pmeasure 35 -11.4 dB. This comes close to the
theoretical predicted power ratio of -7.3 dB. The difference of 4.1 dB corresponds
to a smaller measured transmission signal of approximately two thirds of the
calculated value. This deviation is remarkably small for this type of experiment.

CONCLUSIONS
The analysis of the experiments indicated that the new apparatus described in
this thesis had a high sensitivity and was well adapted to transmission experiments
for microwaves of 16.95 GHz in the parallel-perpendicular geometry. A distinct
transmission peak was observed for Metglas* 2605SC at room temperature in
agreement with the theory. The observed transmitted signal was mainly due to the
magnetoelastically excited transverse sound waves which propagate nearly
undamped through the sample.
The experiment suggests that some microwave power is transferred to the
receiver by surface waves. This effect remains to be confirmed, although surface
acoustic waves in nonmetallic materials do exist. It is possible that this effect
resulted from the geometry of the cavity blocks or from the line pattern of the
rough sample surface.
The involvement of surface waves in transmission experiments deserves more
in-depth experimental study. Further experiments are planned to investigate the
temperature dependence of the microwave transmission through Metglas* 2605SC
once the spurious surface waves are eliminated.
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